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Abstrat
We investigate parity and time-reversal violation in neutron-proton sattering in
the optial regime. We alulate the neutron spin rotation and analyzing power
in sattering on polarized protons. This allows us to quantify the sensitivity that
suh experiments should aim for in order to be ompetitive to present-day mea-
surements of the neutron eletri dipole moment in onstraining the P - and T -odd
two-nuleon interation. While state-of-the-art tehniques fall short by some three
orders of magnitude for the neutron-proton ase, spei neutron-nuleus experi-
ments look promising, provided ertain experimental and theoretial hallenges are
met.
The neutron is an exellent laboratory for the study of fundamental symme-
tries and interations. Its lifetime an be used to determine Vud, one of the
Cabbibo-Kobayashi-Maskawa matrix elements [1℄. The orrelations between
the various momenta and spins in neutron β-deay are sensitive probes of
non-(V −A) urrents [1℄. The photon asymmetry Aγ assoiated with radiative
apture of polarized neutrons by nulei, and the spin rotation φ
spin
piked up
by polarized neutrons traversing through a medium, an be used to onstrain
the strangeness-onserving, hadroni weak interation (see, e.g., Refs. [2,3℄
for reviews). The results of these measurements provide important tests of
the eletroweak setor of the Standard Model, and in partiular its aspet of
parity violation (
/P ).
Neutrons an play an equally important, and in some sense even more fun-
damental, role in the aspet of time-reversal violation (
/T ). Beause of CPT
invariane, T violation [4℄ is equivalent to CP violation, whose origin and role
in generating the matter-antimatter asymmetry of the Universe are among
the great mysteries of partile and astropartile physis. The searh for a per-
manent neutron eletri dipole moment (EDM), whih violates both P and
T invariane (/P /T ), has been ontinuously in the spotlight [1,5℄. Possibilities
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to identify
/T in nulear β-deay or in neutron-nuleus interations have also
been seriously onsidered (see, e.g., Refs. [6,7℄ for reviews). The study of this
report falls into the latter ategory.
Modern high-ux, ontinuous or pulsed, neutron soures are able to provide
neutrons over a wide energy spetrum, ranging from very fast (& MeV) neu-
trons all the way down to ultra-old (. 10−7 eV) neutrons. For the study of
the
/P or /T hadroni interation, low-energy neutrons, from the epithermal
(∼ eV) to the old (∼ meV) region, are partiularly useful for several reasons:
(i) The large ux an be maintained. (ii) Beause of the long de Broglie wave-
length of the neutrons, the satterers ontribute oherently. In other words, in
this energy regime neutron optis works well. (iii) Low-energy neutrons are
better suited to study the short-ranged
/T hadroni interation than harged
partiles, whih are kept apart by the repulsive Coulomb fore.
The Spallation Neutron Soure, whih is urrently under onstrution at Oak
Ridge National Laboratory, is expeted to improve fundamental neutron physis
to a new level. For example, a proposal to measure the
/P neutron spin rota-
tion in para-hydrogen (with unpaired proton spins) is aiming to reah an
auray of ∼ 2.7×10−7 rad/m [8℄. Motivated by this remarkable advane, we
investigate here T violation in sattering of polarized neutrons (~n ) on polar-
ized protons (~p ), for whih the /T signal an be alulated reliably by using
modern high-quality strong n p potentials together with the general /P and
/T interation. The observables that we are interested in violate both P and
T , and hene they address the same physis as the neutron EDM, dn (or the
EDM of a diamagneti atom, suh as
199
Hg [9℄). Our main purpose, in fat, is
to quantify how suh a neutron-optis experiment, now with a polarized target
but assuming the same experimental auray, ompetes with modern EDM
measurements in onstraining the underlying
/P /T interation. 1 Also, a num-
ber of studies indiate that
/P observables an be greatly enhaned in ertain
neutron-nuleus sattering proesses (see, e.g., Refs. [10,11,12,13℄). We will
use these results to justify some reasonable assumptions that will allow us to
extrapolate our results from the ~n ~p system to T violation in neutron-nuleus
sattering. Our alulations an thus serve as a benhmark for gauging the
sensitivity of
/T observables in neutron transmission experiments that aim to
ompete with EDM measurements.
The optis of low-energy neutron transmission through a medium (see, e.g.,
Refs. [14,15℄) an be desribed by the orresponding index of refration, n,
whih is a oherent sum of individual satterings and whih is related to the
neutron-target sattering amplitude at forward angle (θ = 0), f , by
n = 1− 2 πN f/k2 , (1)
1
A
/T interation whih onserves P does not belong to the same lass as an inter-
ation whih generates EDMs, and therefore will not be onsidered here.
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where N is the target density; k ≡ |k| is the neutron momentum, whih
is assumed to be in the +z diretion from now on. When f ontains some
non-vanishing omponent f/P whih depends on σ · k due to /P interations,
neutrons with a +z polarization have a dierent value of n ompared to the
ones with a −z polarization. Neutron wave funtions of opposite polarizations
then pik up dierent phases, viz. n+z k l and n−z k l, after travelling a distane
of l in a uniform medium. This optial dihroism manifests itself in two major
ways: (i) a neutron spin rotation φz along the z-axis, and (ii) a longitudinal
polarization Pz of an unpolarized inident beam or a longitudinal asymmetry
Az between +z- and −z-polarized neutrons [16,17,18℄. The former depends on
the real part of f , while the latter on the imaginary part, as
φz = −2 π l/k N Re(f+z − f−z) , (2)
Pz = −2 π l/k N Im(f+z − f−z) . (3)
These ideas for P violation were generalized to study T violation by Kabir [19℄
and Stodolsky [18℄. With a polarized target (with polarization S), the sat-
tering amplitude an aquire, in priniple, a
/P /T omponent f/P /T proportional
to the triple orrelation σ · k × S. Bunakov and Gudkov, however, argued
later [20℄ that the ombined ations of the magneti interation, whih in-
trodues a σ · S-dependent omponent fM in f , and the weak interation,
generate a muh larger sattering amplitude of the same σ · k×S form. This
eet mimis T violation  similar to how nal-state interations an mimi
the
/P /T orrelation oeient R in β-deay. Suh a pseudo-/P /T amplitude ulti-
mately spoils the unambiguous identiation of a true
/P /T signal. Several ways
to irumvent this diulty have been proposed in Refs. [21,22,23℄. Here, we
analyze two observables and show what they an reveal about the underlying
/P /T nuleon-nuleon (NN) interation.
Without loss of generality, we assume that both neutron and proton are po-
larized in the +x diretion. Beause k × S denes a spei diretion (+y in
our ase), similar to k for the above /P ase, the quantities ˜φy, ˜Py, and ˜Ay an
be obtained via the sattering amplitudes
˜f+y and ˜f−y:
˜φy = −2 π l/k ˜N Re( ˜f+y − ˜f−y) , (4)
˜Py = −2 π l/k ˜N Im( ˜f+y − ˜f−y) . (5)
We use here tildes as a reminder that we onsider the ase whih involves
polarized targets and that it is the observables whih violate not only P but
also T that are of interest. Analogously to what has been onluded in Ref. [23℄,
one nds that (i) ˜φy and (ii) ˜Py+ ˜Ay are unambiguous measures of T violation.
This an be easily illustrated in Figs. 1 and 2: Although pseudo-eets an
mimi true
/T eets in the sattering amplitude and some observables, their
invarianes under T and Ry(π), a 180
◦
rotation around the y-axis, will render
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Figure 1. (a): A 90◦ spin rotation of a x-polarized neutron around the y-axis (per-
pendiular to the plane) when travelling through a x-polarized target. (b): Time
reversal of (a). (): A 180◦ rotation around the y-axis of (b) whih shows a −90◦
spin rotation instead. Therefore, the ombined T - and R-invariane require a zero
spin rotation along the y-axis.
(a)
(b)
(c)
φ = +pi/2
φ = −pi/2
that
˜φpseudoy = Ry(π) T
˜φpseudoy T
−1R−1y (π) = −˜φpseudoy ,
˜Apseudoy = Ry(π) T
˜Apseudoy T
−1R−1y (π) = − ˜P pseudoy .
Therefore, neither (i) nor (ii) an be faked by a pseudo-eet. It is also worth
to point out that only one experiment is needed for measuring
˜φy, but two are
needed for the
˜Py+ ˜Ay omparison. In other words, the spin rotation represents
a true null experiment to test
/T , and therefore has some advantage [24℄.
The alulations of f/P and
˜f/P /T are briey outlined in the following. Sine
both
/P and /P /T interations, H/P and H/P /T , are muh smaller than the strong
interation, the rst-order Born approximation is suient to alulate the
sattering amplitudes. Resolving the spin states for both neutron and proton
expliitly in terms of spinors quantized in the z-diretion, one obtains
f+z − f−z = 1/2 {H/P(↑↑, ↑↑) +H/P (↑↓, ↑↓)−H/P (↓↑, ↓↑)−H/P (↓↓, ↓↓)} , (6)
˜f+y − ˜f−y = −i/
√
2 {H/P /T (↑↑, ↑↑) +H/P /T (↑↓, ↑↓)−H/P /T (↓↑, ↓↑)−H/P /T (↓↓, ↓↓)}
(7)
with
H(m′s1m
′
s2, ms1ms2) ≡ (−) 〈m′s1m′s2|H |ms1ms2〉(+) , (8)
where H is H/P or H/P /T . The distorted (by the strong interation) wave fun-
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Figure 2. (a): The polarization Py of an unpolarized neutron beam when travelling
through a x-polarized target. (b): Time reversal of (a). (): A 180◦ rotation along
the y-axis of (b) whih shows the denition of asymmetry but with an additional
minus sign −Ay. Therefore, the ombined T - and R-invariane require Py +Ay = 0.
(a)
(b)
(c)
Py
−Ay
tions are obtained by solving the Lippmann-Shwinger equation
|ms1ms2〉(±) = |ms1ms2〉(0) + 1
E −H0 −HS ± i ǫ |ms1ms2〉
(±) , (9)
where |ms1ms2〉(0) is simply a plane wave. We have used several high-quality lo-
al n p potentials, viz. AV18 [25℄, Reid93 and Nijm-II [26℄, as input forHS. The
H/P and H/P /T used in this work are both built upon the one-meson-exhange
model and parametrized by the orresponding
/P and /P /T meson-nuleon ou-
pling onstants hIM 's and g¯
I
M 's (M for the type of meson and I for isospin),
respetively. The former is the well-known, so-alled DDH potential [27℄, whih
ontains 6
/P ouplings (with h1
′
ρ usually being ignored) due to one π
±
-, ρ-,
and ω-exhanges, and the most omplete form of the latter, whih ontains 10
/P /T ouplings due to one π-, η-, ρ- and ω-exhanges, an be found in Ref. [28℄.
In the low-energy region, only the lowest partial waves are important, and the
results depend on three SP amplitudes: 3S1
3P1 (∆I = 1),
3S1
1P1 (∆I = 0),
and
1S0
3P0 (∆I = 0, 2). The small admixture of
3D1 to
3S1 by the tensor
fore an be ignored safely.
The threshold behavior is examined aross a wide range of neutron energy
En from epithermal ∼ eV to very old ∼ 10−4 eV. Our numerial results agree
very well with the qualitative preditions by Stodolsky [18℄ that
˜φy is onstant
and
˜Py dereases as
√
En. Stodolsky also pointed out that the existene of
exothermi proesses, i.e., inelasti hannels, ould possibly lead to a non-
zero ontribution to
˜Py at zero energy for neutron-nuleus sattering. However,
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this is not the ase for n p sattering: As it is known that the neutron-heliity-
dependent dierential ross setion for radiative apture, i.e., ~n+ p→ d+ γ,
takes the form d σ± ∝ (1±Aγ cos θ) (see, e.g., Ref. [29℄), the total ross setions
for neutrons of opposite heliities are the same; hene, no total asymmetry
arises from this partiular exothermi proess.
2
The target density, to whih all optial observables are proportional, is er-
tainly an important fator aeting the feasibility of a neutron transmis-
sion experiment. For the ~n p ase, high-purity liquid para-hydrogen, with
N ∼ 0.4 × 1023/m3, provides a good hoie for the /P study [8℄. For the
~n ~p ase, a target ontaining polarized protons with a reasonably high density
is required. A novel tehnique to produe a polarized solid HD target [30℄,
alled SPHICE (Strongly Polarized Hydrogen ICE), with a 95% proton polar-
ization in a moleular volume 20 m3/mole, suggests that ˜N ∼ 0.3×1023/m3
is possible. Therefore, for the following numerial results, we adopt N = ˜N ∼
0.4× 1023/m3.
Assuming that the target density is uniform, the dierential observables d ˜φy/d z
and d ˜Py/d z for neutrons at thermal energy, En = 0.025 eV, are given in Ta-
bles 1 and 2. The dominane of pion exhange, due to its omparatively long
range, is obvious. Also its model dependene is very small. Of the three on-
tributing SP amplitudes, the 1S0
3P0 transition plays the most important
role. It gives a g¯0pi − 4 g¯2pi dependene on the /P /T pion-nuleon ouplings. Sine
the heavy-meson ontributions are more sensitive to the short-range wave
funtions, the dierene between various strong potentials beomes more ap-
parent. At this energy, d ˜φy/d z is about three orders of magnitude bigger than
d ˜Py/d z, therefore, spin-rotation experiments look more promising, besides the
advantage already mentioned above that they are true null tests. We also al-
ulate φz using the same wave funtions. For the AV18 model, the result is
d φz/d z = 1.130 h
1
pi−0.283 h0ρ+0.008 h1ρ+0.250 h2ρ−0.269 h0ω−0.024 h1ω rad/m .
(10)
Using the DDH best values [27℄ for the hI
M
's, one gets d φz/d z ≃ 6.5 ×
10−7 rad/m. 3
We now assume that a neutron spin rotation experiment with polarized pro-
tons as target an reah a similar sensitivity of 2.7 × 10−7 rad/m as what is
expeted for the one using para-hydrogen for the
/P experiment. Our alula-
2
In other words, the existene of exothermi hannels is only a neessary but not
a suient ondition for a non-zero total asymmetry at zero energy.
3
This number diers somewhat from a reent alulation by Shiavilla et al. [31℄.
This is beause we use dierent strong parameters and beause the Yukawa funtion
in their work is modied by a monopole form fator. When we use the same model
as they did, we get a perfet agreement with their result.
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Table 1
d φ˜y/d z in units of rad/m at thermal neutron energy, En = 0.025 eV, alulated with
various strong potential models. Eah entry denotes the multipliative oeient
for its orresponding
/P /T oupling onstant, and the full result is the sum of every
"entry×oupling" in the same row.
g¯0pi g¯
1
pi g¯
2
pi g¯
0
η g¯
1
η g¯
0
ρ g¯
1
ρ g¯
2
ρ g¯
0
ω g¯
1
ω
AV18 7.758 1.131 −28.180 0.082 0.019 −0.046 0.009 0.157 −0.106 −0.025
Reid93 7.735 1.141 −28.025 0.080 0.020 −0.046 0.010 0.152 −0.101 −0.029
Nijm-II 7.718 1.153 −27.971 0.079 0.022 −0.045 0.011 0.149 −0.099 −0.033
Table 2
d P˜y/d z in units of 10
−3/m at thermal neutron energy, En = 0.025 eV, alulated
with various strong potential models and tabulated in the same manner as Table 1.
g¯0pi g¯
1
pi g¯
2
pi g¯
0
η g¯
1
η g¯
0
ρ g¯
1
ρ g¯
2
ρ g¯
0
ω g¯
1
ω
AV18 2.830 −0.106 −11.589 0.036 −0.002 −0.016 −0.001 0.065 −0.047 0.002
Reid93 2.814 −0.107 −11.532 0.035 −0.002 −0.015 −0.001 0.063 −0.046 0.003
Nijm-II 2.808 −0.108 −11.506 0.035 −0.002 −0.015 −0.001 0.061 −0.044 0.003
tion then demonstrates that this null test for T violation onstrains the /P /T
NN interation at the level of
±2.7× 10−7 > 7.7 g¯0pi + 1.1 g¯1pi − 28 g¯2pi + . . . . (11)
On the other hand, the neutron EDM dn an also be expressed in terms of these
/P /T meson-nuleon ouplings [32℄. By using the reent estimate in Ref. [28℄, the
urrent most stringent upper limit on dn: dn < 6.3× 10−26 em [5℄, provides
the onstraint
±6.3× 10−11 > 14 (g¯0pi − g¯2pi) + . . . . (12)
Comparing Eqs. (11) and (12), a neutron EDM measurement at the 10−25 em
level is 34 orders of magnitude more sensitive than a spin rotation measure-
ment in polarized hydrogen at the 10−7 rad/m level. Given that the auray
of 10−7 rad/m is already state-of-the-art and that there are many diulties
involved in keeping de-polarization eets under ontrol, it seems very unlikely
that a neutron spin rotation experiment an ompete with the neutron EDM
experiments in the near future.
However, the situation ould be quite dierent when ertain heavy nulei are
hosen as targets. By exploiting the low-lying p-wave resonanes in neutron-
nuleus sattering, the ombined dynamial and resonane enhanements for
/P and /P /T signals ould be as large as 106 [10,33℄. A reent /P neutron transmis-
sion measurement that exploits the 0.734 eV p-wave resonane of 139La resulted
in d φz/d z = (7.4±1.1)×10−1 rad/m [13℄. Compared to the theoretial predi-
tion for thermal neutrons in hydrogen: d φz/d z = 5.17.2 × 10−7 rad/m [31℄,
one does nd a 106 enhanement fator. Therefore, if a similar /P /T measure-
7
ment ould be performed with a polarized
139
La target and with a 10−7 rad/m
sensitivity, it will be ompetitive to the urrently planned dn measurements
that target the 10−2710−28 em level.
While this is an optimisti onlusion, there exist several major hallenges.
On the experimental side, notieably, the sensitivity reported for
/P in the
139
La ase is only at the 10−1 rad/m level. This six-orders-of-magnitude loss
of sensitivity thus neutralizes the 106 enhanement fator, whih results in a
measurement not better than the one with a hydrogen target and a 10−7 rad/m
sensitivity. A rough theoretial estimate that a 34 orders of improvement is
neessary to keep these measurements ompetitive to the urrent dn limit was
given in Refs. [34,35℄, and a possibility of suh an experimental improvement
was reported in Ref. [36℄. On the theoretial side, it will require a major eort
to interpret the observables in neutron-nuleus sattering, in terms of
/P /T
meson-nuleon ouplings, at a similar level of auray as what we have done
here for the n p system (1% or even, say, at the 10% level). There have been
eorts to apply the theory of statistial spetrosopy to interpret
/P phenomena
(see, e.g., Ref. [37℄), apparently, how they an onstrain the underlying NN
interations is then subjet to statistis. Similar work for T violation will be
neessary.
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